Abstract The destruction of gaseous styrene was studied using a low-temperature plasma induced by tubular multilayer dielectric barrier discharge (DBD). The results indicate that the applied voltage, gas flow rate, inlet styrene concentration and reactor configuration play important roles in styrene removal efficiency (ηstyrene) and energy yield (EY). Values of ηstyrene and EY reached 96% and 15567 mg/kWh when the applied voltage, gas flow rate, inlet styrene concentration and layers of quartz tubes were set at 10.8 kV, 5.0 m/s, 229 mg/m 3 and 5 layers, respectively. A qualitative analysis of the byproducts and a detailed discussion of the reaction mechanism are also presented. The results could facilitate industrial applications of the new DBD reactor for waste gas treatment.
Introduction
Odor pollution may be defined as an unwanted physiological stimulus of olfactory cells in the presence of specific molecules. Odor pollutants are characterized by high toxicity with extremely low odor threshold values. Therefore, treatment of these odors is receiving much attention, and the effective removal of odorants from air is highly desirable [1−6] . Dielectric barrier discharge (DBD) has been accepted as a novel environmental clean-up technology for odorants. It has also been proposed as a simple and efficient method for beneficial use in industrial waste gas treatment [7−9] . Our earlier work described a DBD reactor made of two coaxial quartz tubes with high odor removal efficiency [10−12] . To obtain higher discharge uniformity, the gap distance between the two coaxial quartz tubes was generally confined to within 10 mm, which caused higher gas stream resistance and a flux limit. It was also found that such a DBD reactor would encounter many difficulties in further industrial applications, in view of the large-scale installation capacity requirement and the inconvenient arrangement of electrodes [13] . In the present paper, a tubular multilayer dielectric barrier discharge (TM-DBD) reactor was used to yield a low-temperature plasma with a compact structure. The dielectric for the reactor was made up of five layers of calandria quartz tubes. In the present arrangement there was an equal gap between each pair of adjacent tubes, where the gas discharge took place and the gas streams passed through. The positive and negative electrodes inserted into the quartz tubes were alternately led out from the tube ends. The reactor configuration could be conveniently changed to increase the odor removal efficiency.
Styrene is a pollution concern at industrial plants, as it causes a nuisance in the ambient environment and has adverse health effects on human beings. The aim of this paper is to study the removal of styrene under different applied voltages, inlet concentrations, flow velocities, and configurations in the tubular multilayer DBD reactor. We also present the byproducts and a mechanism analysis which provides valuable information regarding industrial availability.
2 Experimental section 2.1 Experimental setup and reagents laboratory-scale TM-DBD reactor, and a gas detection system. The carrier gas from a compressed N 2 (purity>99.999%) cylinder flowed through a pure styrene liquid (99%) bubbling flask, which was kept in a controlled temperature water bath (T =323 K) to form styrene saturated vapor. The saturated styrene vapor was mixed and diluted with air, and then fed into the DBD reactor. The flow rate in the gas tubing was fixed at 6-11 m/s by adjusting a tunable air blower (CZR, China). The initial styrene concentration was varied from 100 mg/m 3 to 400 mg/m 3 by adjusting the volume flow controllers (VFC) connected with the N 2 and the air cylinders. The gaseous samples taken from the plasma reactor outlet were analyzed online by a gas chromatograph (GC-9790, China). All experiments were conducted at atmospheric pressure and room temperature (25±2
• C) with ca.40% relative humidity. 
TM-DBD reactor
The TM-DBD reactor is shown in Fig. 2(a) . The reactor had 5 layers of calandria quartz tubes. Each layer consisted of 7 quartz dielectric tubes which were evenly spaced. A hollow aluminum tube was placed in each quartz tube as an electrode. The positive and negative alternated between two adjacent quartz tubes and the gas to be treated flowed between two tubes. The positive and negative pinouts were led out from the endpoints of aluminum tubes and connected with the plasma power supply. Each tube had a wall thickness of 2 mm, outer diameter of 20 mm, and length of 400 mm. The gap distance between two adjacent quartz tubes was set at 4 mm. The power supply voltage varied from 5 kV to 15 kV. The current could be observed on the relative instrument panel. In this study, it was assumed that the energy provided by the power supply was equal to the energy acting on the TM-DBD reactor. Fig. 2(c) shows a picture of the actual discharge state in the TM-DBD reactor.
Analysis methods
The concentration of styrene at the inlet and outlet of the TM-DBD reactor was analyzed online by a gas chromatograph with a hydrogen flame ionization detector.
The gas flow rate was measured by a hot bulb anemometer (QDF-3, China) at the plasma reactor sample outlet.
The styrene removal efficiency, absolute removal amount (ARA), and energy yield (EY) were defined as follows: Styrene removal efficiency (η styrene ):
Absolute removal amount (ARA):
Energy yield (EY):
where C in and C out are the inlet and outlet concentrations of styrene (mg/m 3 ), Q is the gas flow (m 3 /s), and P is the input power (kW) calculated from the average input voltage and current.
The solid byproducts scraped from the wall of quartz tubes were dissolved in acetone solvents and then analyzed by gas chromatography mass spectrometry (GC-MS, HP 5973-6890, USA) and Fourier transform infrared spectroscopy (FT-IR, Nicolet5Dx, USA). The gas byproducts were collected in a gas sampling bag by a cold hydrazine device combined with a gas sampler (QC-1B, China) and then analyzed by GC-MS (HP 5973-6890, USA). As seen in Fig. 3 , η styrene increased with increasing voltage applied to the TM-DBD reactor. An explanation could be that, with an increasing applied voltage, the discharging current intensity was enlarged accordingly. This then accelerated the electrons and multiplied their population, resulting in a higher probability of collision between styrene molecules and electrons. When the applied voltage exceeded 10.8 kV, η styrene increased to 96%. Meanwhile, we also observed that EY decreased with an increase in applied voltage, which can be explained as follows: the colliding frequency of electrons with gaseous styrene molecules per unit did not increase with the rise of applied voltage for a changeless flow rate. 
Effects of the inlet styrene concentration
The relationship between η styrene or EY and the inlet styrene concentration is shown in Fig. 4 . The experimental conditions were an applied voltage of 10.8 kV, a gas flow rate of 9.0 m/s, and 5 layers of calandria quartz tubes. As seen in Fig. 4 , with increasing inlet styrene concentration, η styrene decreased but EY rapidly increased. A higher EY was achieved as the inlet styrene concentration was raised. These observations could be explained as follows. The rate of electron-impact reactions was determined by the mean electron energy and the electron density, neither of which changed with an increase in the inlet styrene concentration. Thus, η styrene decreased because each styrene molecule had fewer chances to be attacked by energetic electrons. Because the number of styrene molecules increased with increasing inlet styrene concentration for a changeless reactor volume, the effective electrons being captured by gaseous styrene molecules was enhanced, which led to an increase of EY accordingly. As a result, a properly higher inlet concentration of styrene favored a better use of the energy in the TM-DBD system. The acceptable inlet concentration of styrene in the TM-DBD reactor was set at 297 mg/m 3 , and as a result, η styrene and EY reached 81% and 33728 mg/kWh, respectively.
Effects of the gas flow rate
The gas flow rate had a significant impact on the styrene removal via changing the gas residence time. Fig. 5 shows the gas flow rate effects on η styrene and EY at an applied voltage of 10.8 kV, an inlet styrene concentration of 321 mg/m 3 , and 5 layers of calandria quartz tubes.
As shown in Fig. 5 , the higher gas flow rate resulted in a lower removal efficiency of styrene. As the gas flow rate increased from 6 m/s to 11 m/s, η styrene dropped slowly from 85% to 72%, and EY increased from 25503 mg/kWh to 39852 mg/kWh. A lower gas flow rate led to a longer gas duration, which was beneficial to the reaction between styrene molecules and energetic electrons. As a result, η styrene was improved with the increase in collision rate, and correspondingly, the absolute amount of styrene molecules was enhanced, which could explain the fact that EY became gradually larger. These results suggest that a suitable gas flow rate was crucial to the achievement of an acceptable removal efficiency and energy yield. The data show that η styrene increased quickly with increasing numbers of discharge layers of calandria quartz tubes. When the number of layers changed from 2 to 5, η styrene increased from 58% to 87%, while EY changed slightly in the range of 15600 mg/kWh to 17932 mg/kWh.
Effects of the reactor configuration

Identification of the optimum working parameters of the reactor
Energy efficiency is widely used to evaluate the pollutant treatment effectiveness of a plasma reactor. In this work, the energy yield (EY) was mainly considered because it is well accepted as an effective method of evaluating the performance of plasma reactors. In addition, a larger EY indicated a higher energy efficiency and lower energy consumption for the removal of styrene with a definite volume. Table 1 shows the summarized operating parameters and results. In order to evaluate the acceptable and applicable performance of the TM-DBD reactor, this paper focuses on the parameter EY with a relatively high removal efficiency of styrene.
As shown in Table 1 , when the applied voltage and the number of layers of calandria quartz tubes were set at 10.8 kV and 5, respectively, an EY of 30000 mg/kWh and a η styrene of 80% were suggested at a gas flow rate of 8.0-9.0 m/s and an inlet styrene concentration of 300 mg/m 3 or so.
Byproducts and decomposition mechanism analysis
The final products generated from the decomposition of styrene in the TM-DBD reactor were identified using GC-MS and FT-IR. Fig. 7 shows the FT-IR spectrum of the gas products. The spectrum indicates that there are other gaseous products including benzene and toluene besides CO and CO 2 . The 1000-1200 cm −1 bands might be attributed to phenyl ethylene oxide containing the chemical bond of −C=O. Fig.8 GC-MS spectra of the gas products of styrene destruction in TM-DBD Fig.9 GC-MS spectra of the solid products of styrene destruction in TM-DBD Fig. 8 shows the GC-MS spectra of the gas products. The byproducts of the benzene homologue, such as benzene (2.20 min), toluene (2.95 min), benzaldehyde (4.57 min), styrene oxide (6.18 min), phenolic compounds (6.32 min) and long-chain alkanes including C 14 -C 21 (6.88 min, 7.14 min, 7.33 min, 7.60 min, 7.75 min, 8.15 min and 8.53 min) had been detected in the gaseous sample. Fig. 9 shows the GC-MS spectra of the solid products. The solid byproducts were mainly phenylcontaining oxide and could be divided into five types: aldehyde, lipid compounds, hydroxy compounds, longchain alkane and a minor amount of nitro compounds, including benzaldehyde (4.55 min), phenyl acetaldehyde (5.10 min), 1,2-Ethanediol, 1-phenyl-(6.61 min), benzoic acid, 4-methylphenyl ester (9.50 min), Betahydroxyphenethyl benzoate (9.59 min), Benzene,1,1'-(oxydiethylidene) bis-(9.66 min), Phenol,4,4'-(1-methylethylilidene) bis-(10.02 min). The other peaks were mostly long-chain alkanes ranging from C 9 to C 26 .
The proposed reaction pathways for the oxidative degradation of styrene can be described as follows:
a. In the styrene molecule, the bond energy of C-C and C-H in the aromatic ring is about 5.5 eV and 4.8 eV, respectively, but correspondingly it is 4.4 eV and 3.7 eV in the branched chain. Therefore, the σ-type C-H and π-type C=C in the branched chain are more easily attacked by electrons.
Oxygen and gaseous water were attacked by the activated electrons to generate O atoms and ·OH. Furthermore, the O atoms behave as a strong oxidant to produce other oxidative products and radicals such as ·OH and O 3 , by extracting hydrogen atoms or through a recombination reaction with oxygen.
These radical species (·OH, O) could react with intermediate products such as compounds containing the group of C 6 H 5 · and vinyl to form oxidation products:
At the same time, these intermediate products could also react with oxygen to form benzaldehyde, phenyl acetaldehyde, and phenolic compounds, etc.
The results indicate that the phenyl-containing oxide, as the main product, existed both in the effluent gas sample and in the solid deposition. Because the quantity of O 2 was overwhelmingly higher than that of the other oxidants in the reaction system, we also inferred that the oxidation reaction of O 2 with these intermediates might plays a more important role than other tunnels.
The radical species (·OH, O) and energy-containing electrons could also attack phenol to further generate oxidation products.
The production of benzene could obviously illustrate that H· plays an essential role in plasma reactions.
Meanwhile, a minor amount of nitro compounds could be detected in the solid residues, which indicated that the N≡N bonds were broken in spite of their higher bond energy (9.7 eV) into N atoms. It was proposed that the NO 2 generated from the reaction of the N atom with O 2 resulted in nitro compounds occurring in byproducts.
phenyl − containing compounds + NO 2 · → nitro compounds (17)
Conclusions
This paper describes the removal of styrene with a new type of TM-DBD reactor. The applied power, inlet styrene concentration, gas flow rate and reactor configuration have large impacts on η styrene and EY. When the applied voltage, gas flow rate, inlet styrene concentration and number of layers of calandria quartz tubes were set at 10.8 kV, 5.0 m/s, 229 mg/m 3 and 5 layers respectively, η styrene and EY reached about 96% and 15567 mg/kWh in the experiment. When the EY of 30000 mg/kWh and η styrene of 80% were accepted at the 10.8 kV applied voltage with 5 layers of calandria quartz tubes in this work, the suggested operating parameters were a gas flow rate of 8.0-9.0 m/s and an inlet styrene concentration of about 300 mg/m 3 . The gas byproducts were identified to be the benzene homologue, such as benzene, benzaldehyde, phenol, and phenyl ethylene oxide. The solid byproducts, which were identified as benzene, benzaldehyde, phenyl acetaldehyde, benzoic acid, nitrophenol, and 3-phenyl-1, 2-dihydroxypropane, showed good water solubility and had little effect on the discharge process. In order to avoid the negative health effects of the byproducts generated in the plasma discharge, however, proper subsequent treatment processes should be taken into consideration in industrial applications. The reaction mechanism of styrene in TM-DBD was very complicated due to the attendance of radical species produced during the discharge process. The oxidation reactions of O 2 with these intermediates might play a more important role than other tunnels.
